Introduction {#s01}
============

Olfaction starts at the sensory cilia of olfactory receptor cells (ORCs). This site mediating the sensory transduction exhibits a fine cylindrical structure with a diameter of 100--200 nm and a length of several 10s of micrometers ([@bib61]; [@bib39]). All elements needed for signal conversion are found here: olfactory receptor protein, G protein, adenylyl cyclase, and cyclic nucleotide-gated (CNG) and Ca^2+^-activated Cl (Cl~(Ca)~) channels. Through signal transduction, cAMP and Ca^2+^ play central roles as second (and third) messengers within a narrow space ([@bib51]; [@bib22]; [@bib25]; [@bib16]). Therefore, the kinetics of the odorant response is determined by the lifetimes of active forms of proteins and the production, diffusion, and extrusion/degradation of second messenger molecules.

So far, however, there is limited information regarding the time course of active second messengers, mostly because of experimental difficulties involved in studying such narrow spaces and fine structures. Moreover, several features of olfactory responses have not yet been clarified. For instance, how the Ca^2+^-dependent adaptation of odorant response stays for \>10 s ([@bib32]), whereas the normal diffusion of Ca^2+^ is much faster than such a time course (e.g., [@bib62], *D* = 770 µm^2^/s; [@bib19]; [@bib4], 600 µm^2^/s) has been a long-standing mystery. In this study, we investigated the spatial and temporal dynamics of second messenger molecules. First, cAMP movement was monitored by observing the response time course and response summations when cytoplasmic cAMP locally and transiently jumped in the cilium. Second, the dynamics of Ca^2+^ was monitored by observing the adaptation that is exclusively regulated by Ca^2+^ feedback to the transduction system ([@bib42]; [@bib60]; [@bib25]). We recognized that molecules worked only in the vicinity of the site of generation in cilia with limited spreading and were present for a long time in the same area. These properties may be responsible for extending the olfactory signal to a brief pulse and for holding the adaptation for a longer time than when regulated using freely diffusible molecules. This finding also provided information regarding the strong polarization of ORCs. Although these compact cells use cAMP and Ca^2+^ commonly in a variety of functions in different parts, these two substances seem to work only in the compartment that generated them with appropriate stimuli. Cytoplasmic buffers and extrusion/degradation may play a crucial role in limiting substance spreading. In addition, there is a possibility that because of a high surface/volume ratio, binding sites in the cytoplasmic surface of the plasma membrane may limit molecular diffusion in such a narrow space.

Materials and methods {#s02}
=====================

Cell dissociation {#s03}
-----------------

ORCs were dissociated enzymatically from the olfactory epithelium of newts (*Cynops pyrrhogaster*) as described previously ([@bib28], [@bib29]; [@bib54], [@bib56], [@bib57]). The experiments were performed in compliance with the latest ethical guidelines for animal experimentation at Osaka University based on international experimentation regulations. The animals were anesthetized by cooling and then were double-pithed. After decapitation, the olfactory epithelia were removed and incubated (37°C for 5 min) in a 0.1% collagenase solution with a Ca^2+^- and Mg^2+^-free condition containing (in mM) 110 NaCl, 3.7 KCl, 10 Hepes, 15 glucose, 1 pyruvate, and 0.0005% phenol red, pH 7.4. Single cells were mechanically isolated. Cells were put on concanavalin A--coated glass-bottom culture dishes and bathed in normal Ringer's solution containing (in mM) 110 NaCl, 3.7 KCl, 3 CaCl~2~, 1 MgCl~2~, 10 Hepes, 15 glucose, and 1 pyruvate, plus 0.0005% phenol red. We chose cells whose cilia tightly adhered to the bottom of the dish. All experiments were performed at room temperature (23--25°C).

Electrophysiology {#s04}
-----------------

Ciliary currents were monitored with the whole-cell (WC) recording configuration ([@bib17]; [@bib57]). The membrane potentials were corrected for by the liquid junction potential at the pipette tip (4 mV; [@bib28]). The culture dish was mounted on a laser scanning microscope (LSM 510, Axiovert 200M; Zeiss) for local photolysis or a Nikon TMD for diffuse UV photolysis. Patch pipettes (resistance 10--15 MΩ) were made of borosilicate tubing ([@bib54], [@bib55]; [@bib58], [@bib59]). The recording pipette was, unless otherwise indicated, filled with a Cs solution (in mM): 119 CsCl, 1 CaCl~2~, 5 EGTA, 10 Hepes, 0.0005% phenol red, and 1 caged cAMP (EMD Millipore). For caged Ca experiments, 1 mM CaCl~2~ and 3 mM DM-nitrophen (EMD Millipore) were added to a pipette solution containing (in mM) 119 CsCl, 10 Hepes, and 0.0005% phenol red without adding EGTA. Data were sampled with pClamp v.10 (Molecular Devices) at 10 kHz after low-pass filtering at 2 kHz. For curve drawings, data were low-pass fast Fourier transformation--filtered at 0.02 kHz. Throughout the cell experiments, the holding voltage was −54 mV with correction for junction potentials, and care was taken to not cause saturation of response, especially when we looked at the amplification and/or adaptation.

The results were analyzed by an offline computer and plotted using Microcal Origin 8.6 software (OriginLab). For curve drawings, data sampled at 1/16 kHz were used in whole cilia experiments. Data are presented as mean ± SD for the number of experiments indicated. The unpaired *t* test in Origin software was used for [Fig. 2 D](#fig2){ref-type="fig"} (normal and 0 Ca^2+^) as well as [Fig. 2 (E and F)](#fig2){ref-type="fig"}.

Photolysis of caged compound in cilia {#s05}
-------------------------------------

Caged cAMP was dissolved in DMSO ([@bib54], [@bib56], [@bib57]), and caged Ca was dissolved in 10 mM CsOH ([@bib58], [@bib59]). Both stock solutions were then stored at −20°C in complete darkness for up to 180 d. Before each experiment, the stock was diluted to a Cs solution as described above. After the establishment of the WC recording configuration, caged compounds were introduced to the cell interior by free diffusion.

The whole cilia of an ORC were stimulated with an epifluorescent UV system as previously reported ([@bib54]). The UV component from a 100-W xenon lamp was used as the UV source. A computer-regulated magnetic shutter controlled the timing and duration of the UV light. The light intensity was set by a neutral-density wedge filter that was controlled by a pulse motor.

For local uncaging on a single cilium, we used the LSM system as previously reported ([@bib57]). An 80-mW UV laser beam (argon laser, λ = 351, 364 nm; Coherent) was used for the photolysis. Throughout the experiments, the UV intensity was regulated by the transmission parameter of an acousto-optic tunable filter device. The region of interest (ROI) function of the LSM system was used for the spatially restricted stimulation as mentioned previously ([@bib57]). Colored indicators in figures show the 2D image of light strength constructed by the Gaussian laser beam. The ROI-selected edge corresponds with 50% intensity. Red in the indicator represents 99--100%; orange, 75--99%; yellow, 50--75%; green, 25--50%; and blue, 0.02--25% ([@bib57]). The laser beam moves on the x and y axes with the raster scan. During the current recording, the timing and duration of the actual laser irradiation were detected using a UV-photodiode (G6262; Hamamatsu Photonics). Because the sensitivity of the G6262 photodiode to the UV component transmitted via the optical fiber for the UV region was still low, a 488-nm laser was added for detection. This 488-nm laser beam alone did not cause photolysis when examined with cells. For double-pulse stimulation, we continuously used the scan mode and bleach mode.

Local double-pulse protocol {#s06}
---------------------------

Movements of cAMP and Ca^2+^ along the ciliary cytoplasm were monitored based on the current amplification and adaptation, respectively ([Fig. 1, A and B](#fig1){ref-type="fig"}). The nonlinear summation caused by cytoplasmic cAMP has quantitatively been well described ([@bib41]; [@bib55]). The ciliary adaptation is completely abolished when external Ca^2+^ is omitted ([@bib29]) or when a strong Ca^2+^ chelator is introduced into the cytoplasm ([@bib33]). Furthermore, it has been broadly known that Ca^2+^ entry through the CNG channel regulates a feedback modulation of CNG channel ([@bib29]; [@bib33]; [@bib11]; [@bib2]; [@bib32]; [@bib35]; [@bib24]; [@bib6], [@bib7]; [@bib44]; [@bib5]; [@bib53]; [@bib15]; [@bib38]). To obtain spatial information, we used sequential double short-pulse UV stimuli at two distinct points along a single cilium ([Fig. 1, A and B](#fig1){ref-type="fig"}). Short-pulse (\<1-s) stimulations were used because in such conditions, adaptations are mainly controlled by a Ca^2+^ feedback to the CNG channel ([@bib32]). With long and step stimulations, other mechanisms may be added to the adaptive phenomenon (e.g., [@bib37]).

![**Double-pulse UV stimuli to a single olfactory cilium by the LSM system. (A)** Photograph of a single cilium superimposed with the location of double stimuli. **(B)** Waveform of current responses and double-pulse stimulation. **(C)** Example of sequential stimulations at two ROIs. **(D)** Timing of light and scan movement (ROI2 to ROI3). **(E)** Movement of laser position after ROI5 stimulation to ROI3 stimulation. **(F)** Movement to ROI3. **(G)** Timing of light and scan movement (ROI2 to ROI4). **(H)** Movement after ROI5 before ROI4 stimulation. **(I)** Movement during ROI4.](JGP_201812126_Fig1){#fig1}

When a conventional raster scan in the LSM system was used, the interstimulus interval varied depending on the distance between the two stimulus points ([Fig. 1 C](#fig1){ref-type="fig"}). To fix the parameters, in this study, we set five ROIs in the scan image (ROI1--5; [Fig. 1, C, E, F, H, and I](#fig1){ref-type="fig"}). The y axis of ROI1 was designated as the upper limit (●, x0, y~ROI1~), and that of ROI5 as the lower limit (■, x~ROI5~, y~ROI5~) of the scan, both of which were set outside of the cilium. The first UV stimulation was applied at ROI2 with a time series (scan) mode in LSM510. ROI3 was the second stimulus point with a short distance and ROI4 with a longer distance.

During the raster scan, the position of the laser beam moved unidirectionally from the left to the right ([Fig. 1 C](#fig1){ref-type="fig"}, right purple arrows) and from the top to the bottom in the scan area ([Fig. 1, C, E, F, H, and I](#fig1){ref-type="fig"}, black dotted area). The scan time was determined by the scan speed (pixel dwell) and the position of the ROIs (coordinates x and y; [Fig. 1, C, E, F, H, and I](#fig1){ref-type="fig"}, blue dotted area). The laser was switched on only when it positioned itself at the ROI.

[Fig. 1 (D--F)](#fig1){ref-type="fig"} shows a double-pulse protocol with ROI2 and ROI3. During the first scan, ROI1, ROI2, and ROI5 were illuminated by the UV laser beam, but among them, ROI1 and ROI5 were unrelated to the stimulus to the cilium. The dark yellow arrow indicates the delay from the start of scan ([Fig. 1, C, D, and G](#fig1){ref-type="fig"}). After ROI2 was illuminated, the position of the laser system moved to the end of scan area with the raster scan ([Fig. 1, C and E](#fig1){ref-type="fig"}, ■). Immediately, the laser position moved to the y axis of ROI3 (purple arrow in [Fig. 1 E](#fig1){ref-type="fig"}). After the scan started from ● (x0, y~ROI3~), ROI3 was illuminated by UV ([Fig. 1 F](#fig1){ref-type="fig"}, inside of purple full circle). The sum of time from ROI2 to the terminal point and the scan time from ● (x0, y~ROI3~) to ROI3 equaled the interstimulus interval of the double-pulse protocols in [Fig. 1 D](#fig1){ref-type="fig"} (gray arrow).

To extend the distance between two ROIs, we set ROI4 instead of ROI3 as the second stimulus position ([Fig. 1 G](#fig1){ref-type="fig"}). After ROI2 was illuminated and the laser beam reached the terminal, the laser position returned to the y axis of ROI4 ([Fig. 1 H](#fig1){ref-type="fig"}, purple arrow), and then ROI4 was illuminated ([Fig. 1 I](#fig1){ref-type="fig"}, inside of purple full circle). With these protocols, the interstimulus intervals between double pulses (ROI2--ROI3 and ROI2--ROI4) were kept constant, although the distances of ROIs were different. A slight time difference between the processes (ROI5 to the position of ROI3 and ROI5 to the position of ROI4) could be ignored in the experimental time resolution.

Ca imaging in a capillary {#s07}
-------------------------

To visualize the change in \[Ca^2+^\]~i~ in the glass capillary, Fluo-4 was used as a Ca^2+^ indicator. Fine glass capillaries were made of borosilicate tubing with a filament (outer diameter, 1.5 mm; Hilgenberg GmbH) by using an electrode puller designed for making the fine pipette to be used for intracellular recording (P2; Narishige Scientific Instruments). The LSM system equipped with a Fluor (differential interference contrast) 100×/1.3-NA (oil immersion) objective lens and an argon laser beam (λ = 458 nm; Coherent) was used for visualization of \[Ca^2+^\]~i~ by Fluo-4. Fluo-4 was dissolved in DMSO and stored at −20°C under complete darkness. The stock was diluted by a Cs pipette solution including 3 mM DM-nitrophen, 1 mM CaCl~2~, and 0 EGTA before each experiment, and the solution was put into the fine pipette. The pipette was then set on the holder of a micromanipulator, and the pipette tip was slowly approached onto the glass coverslip that formed the bottom of a Petri dish filled with normal Ringer's solution. The tip region of the pipette was bent along the surface of the coverslip such that the tip-to-taper region was situated uniformly on the focal plane. Argon lasers (λ = 351, 364 nm; Coherent) in LSM were used for photolysis.

Digital random walk with membrane-binding site {#s08}
----------------------------------------------

Molecular diffusions in the absence and presence of binding sites on the cytoplasmic site of the plasma membrane were simulated using a digital model coded in Microsoft Visual Basic.NET 2008. A pixel imitating a single molecule situated in 3D space randomly moved (Random function in VB.net) within a long pipe that imitated a cilium or neuronal process; the diameter of the pipe was variable. In one time step, the pixel could randomly choose 1 of 27 pixels (3D) present at and surrounding the current position. A single step was defined as 10 nm. Therefore, the spatial resolution with this model was 20-nm cubes. On the cytoplasmic surface of the plasma membrane, the pixel could proceed only to the free space without penetrating the membrane. In the model, the pipe actually had a square shape in the cross section, but the walking distance from the center to the edge was the same for any angle. Therefore, the shape of the pipe was equivalent to a circular cylinder. The time resolution of the step movement was determined by the computer clock, but the theoretical time was inversely and statistically obtained from the relation between the time and variance (σ^2^) of the moving distance. Initially, the time was defined such that the global molecular movements become ∼250 µm^2^/s (σ^2^/s). Data for *D* were precisely obtained after execution of tasks. When the membrane had binding sites, the pixel stayed on the cytoplasmic surface of the plasma membrane for a preconditioned period, which was equivalent to the bound time (stickiness).

Results {#s09}
=======

Response time course and recovery from adaptation {#s10}
-------------------------------------------------

We roughly estimated spatiotemporal dynamics of second messengers in cilia from the odorant- and cAMP-induced responses in the current response obtained with the WC recording configuration ([Fig. 2 A](#fig2){ref-type="fig"}). Mainly, cAMP reduction was estimated from the off-kinetics of the odorant- and cAMP-induced responses, especially when Ca^2+^-dependent adaptation and the Cl^−^ component were omitted in 0-added Ca^2+^ conditions ([@bib28]). Ca^2+^ dynamics was estimated from the time course of the Ca^2+^-induced current and recovery from the adaptation.

![**Decay time courses of the cAMP-induced and Ca^2+^-induced current. (A)** Scheme of the transduction cascade and UV photolysis of caged cAMP. Cytoplasmic caged cAMP was photolysed using the UV light applied from a conventional photolysis system equipped with a xenon lamp. Diffuse light was applied to the entire cilia. **(B)** Light-induced current responses after the establishment of the WC recording configuration. Extracellular solution and normal Ringer's solution. **(C)** Measurement of half decay time (arrow) in a cAMP-induced current 3 min after the establishment of the WC recording configuration. **(D)** Change of the half decay time of cAMP responses during the WC recording. Half decay times are plotted against the time after the establishment of WC recording configuration. ●, data in normal Ca^2+^condition; ○, data in the absence of Ca^2+^. Error bars indicate SD. Numbers in parentheses are the numbers of cells examined. Statistical significances (unpaired *t* test, P \< 0.05) were recognized between ● (normal) and ○ (0 Ca^2+^) when examined at the same time points. **(E)** Expanded plot of data in normal Ca^2+^ conditions. Same data as in D. **(F)** Change of half decay time of caged Ca response after the establishment of the WC recording. No statistical significances (unpaired *t* test, P \< 0.05) were recognized between E and F when examined at the same time points.](JGP_201812126_Fig2){#fig2}

Even with a brief pulse (e.g., 100 ms) of odorant or cAMP, we found that the response lasted for several seconds (see also [@bib54]). In extreme cases, the lifetime was \>10 s ([Fig. 2 B](#fig2){ref-type="fig"}; see also [@bib28]; [@bib54]). If cAMP diffused freely, the cytoplasmic cAMP concentration in the cilia would drop immediately, owing to molecular diffusion from the proximal part of cilia to the dendrosomatic area. It has been known that one-dimensional cAMP diffusion is considerably rapid. The SD calculated from its diffusion coefficient (*D~cAMP~*) is 19 µm/s (*D~cAMP~* = 270--370 µm^2^/s; [@bib12]); the value is already longer than the total length of newt olfactory cilia (∼10 µm). *D~Ca~* is very similar to *D~cAMP~* as described earlier.

Furthermore, we found that the lifetimes of cAMP- and Ca^2+^-induced responses were gradually prolonged during recordings after the establishment of the WC recording configuration ([Fig. 2, B and C](#fig2){ref-type="fig"}). The half decay time of the cAMP-induced response was 0.18 ± 0.12 s (*n* = 3) 3 min after the establishment of the WC recording configuration ([Fig. 2 D](#fig2){ref-type="fig"} \[black circles\] and [Fig. 2 E](#fig2){ref-type="fig"}) and 0.18 ± 0.10 s (*n* = 7) for the Ca^2+^-induced current ([Fig. 2 F](#fig2){ref-type="fig"}). At 13 min, half decay times of the cAMP- and Ca^2+^-induced current responses induced by photolysis were 2.05 ± 2.04 s (*n* = 4) and 1.09 ± 0.64 s (*n* = 5), respectively ([Fig. 2 D](#fig2){ref-type="fig"} \[black circles\] and [Fig. 2, E and F](#fig2){ref-type="fig"}). We do not know the precise mechanism of the response prolongation during recordings (see Discussion). However, the result strongly suggests that both cAMP and Ca^2+^ are present in cilia for such a long time.

When \[Ca^2+^\]~o~ was reduced, the half decay time was significantly prolonged, even immediately after the establishment of the WC recording configuration (3 min in [Fig. 2 D](#fig2){ref-type="fig"}; white circles). It has been reported that odor responses are prolonged in time course when the external Ca^2+^ is removed ([@bib28]) or when the membrane is held at positive potentials in which Ca^2+^ influx is reduced ([@bib54], [@bib55]). One of the obvious reasons for the extension was that the adaptation was lowered in these conditions. The short-term adaptation in the olfactory cilia is regulated by the influx of Ca^2+^ that passes through the CNG channel ([@bib29]; [@bib33]; [@bib11]; [@bib2]; [@bib32]; [@bib35]; [@bib24]; [@bib6], [@bib7]; [@bib44]; [@bib5]; [@bib53]; [@bib15]; [@bib38]). This adaptation is almost completely abolished when the Ca^2+^ feedback to the transduction machinery stops ([@bib29]; [@bib33]).

In addition, the response was prolonged gradually during the recording even in the 0-added Ca^2+^ media ([Fig. 2 D](#fig2){ref-type="fig"}, white circles). Such a time-dependent prolongation cannot be explained by the reduction of Ca^2+^-dependent adaptation. The results again suggest that cAMP and Ca^2+^ stay in cilia longer than free diffusional processes (see also below). Similarly to this study, experiments using the suction pipette recording that does not affect cytoplasmic factors have shown that the odorant response lasts for \>5 s in the absence of external Na^+^ (in these conditions, Ca^2+^ extrusion by Na^+^/Ca^2+^ exchange is reduced; [@bib49]). The long-lasting response could presumably be due to the continuous activation of the Cl^−^ channel by cytoplasmic Ca^2+^. Therefore, it seems likely that Ca^2+^ stays within cilia for a long time even when cytoplasmic factors are not manipulated.

Double-pulse stimuli at two tiny areas within the single cilium {#s11}
---------------------------------------------------------------

In a previous work ([@bib57]), we applied double-pulse stimuli at two distinct points within a single olfactory cilium. The second response induced at the second region was not affected by the presence of a preceding stimulus at the first region, which was applied a few micrometers away from the second region. This suggested that second messenger molecules do not travel such a distance. However, the result could even be explained when the cAMP-mediated response summation and Ca^2+^-dependent adaptation canceled each other. To discriminate between two possibilities, in this study, we stimulated two different tiny areas successively with varied distances (for methods, see [Fig. 1](#fig1){ref-type="fig"}).

A certain part of a single cilium (or two close areas) was selected with an ROI and stimulated twice successively with the photolysis of caged cAMP ([Fig. 3 A](#fig3){ref-type="fig"}). We observed two opposite effects in the secondary responses; increments ([Fig. 3, A--F](#fig3){ref-type="fig"}) and reductions ([Fig. 4, A--F](#fig4){ref-type="fig"}). Response increments were considered the nonlinear summation of responses caused by the presence of basal cAMP as documented in detail in the past ([@bib41]; [@bib55], [@bib57]). In contrast, the response reductions represented Ca^2+^-dependent adaptation ([@bib32]; [@bib55]), indicating that Ca^2+^ travels to the secondary-stimulated region. Again, it is important to note that the adaptation is almost completely abolished upon omission of the Ca^2+^ feedback ([@bib29]; [@bib33]).

![**Example of response summation. (A)** Photograph of cilia and positions of the first and the second stimulation area (ROIs). Diameter of ROIs was 1.5 μm (50% in the color scale). **(B)** Current responses obtained with double-pulse stimulation. First transmission of acousto-optic tunable filter device (proportional to the strength of the stimulus), 0%; second transmission, 100%. **(C)** First transmission, 70%; second transmission, 100%. **(D)** First transmission, 100%; second transmission, 100%. **(E)** Superimposed data from B--D and additional experiments. First transmission, 70%, 50%, 30%, 10%, and 0%. **(F)** Dose--response relation. The amplitudes of inward currents were plotted for both first and second responses against transmissions used for the first stimuli. ■, first response; ●, second response. Data from E. In this cell, the response induced at a proximal part (second in A) was smaller than that induced at a distal position (first in A), which is unusual because the response is generally bigger at the proximal part. There is a possibility that the edge of the first stimulus also stimulated the neighboring cilium.](JGP_201812126_Fig3){#fig3}

![**Example of response reduction. (A)** Photograph of cilia and positions of two ROIs (the first and the second). Diameter of ROIs was 1.5 μm. **(B)** Current responses obtained with double-pulse stimulation. First transmission, 10%; second transmission, 100%. **(C)** First transmission, 70%; second transmission, 100%. **(D)** First transmission, 100%; second transmission, 100%. **(E)** Superimposed data from B--D and additional experiments. First transmissions, 100%, 70%, 50%, 30%, and 10%. **(F)** Dose--response relation. The amplitudes of inward currents were plotted for both first and second responses against transmissions used for the first stimuli. ■, first response; ●, second response. Data obtained from E.](JGP_201812126_Fig4){#fig4}

We systematically confirmed the appearance of either summation or adaptation by monitoring the change in the secondary response when the stimulus strength for the first region was varied ([Fig. 3](#fig3){ref-type="fig"}). We interpreted the response as the summation of \[cAMP\]~i~, when the secondary response increased as the first response increased ([Fig. 3, E and F](#fig3){ref-type="fig"}) and as adaptation when the secondary response reduced as the first response increased ([Fig. 4, A--F](#fig4){ref-type="fig"}). Of 12 ORCs, six showed summation and three showed adaptation, whereas three ORCs showed neither. The three ORCs that showed neither summation nor adaptation may indicate the absence of the function and/or spreading of second messengers. At the same time, it is possible that in these cells, adaptation and summation may have compensated for each other. These matters were not analyzed further in this study.

It was puzzling to see that depending on the sample, either of these two phenomena became dominant. Presumably, this represented the complex mixture of several factors that include differences in cell conditions (basal concentration of second messenger molecules), double-pulse interval, distance of ROIs, variation of buffering and extrusion/degradation systems, and other parameters. At this moment, we are unable to describe their causes systematically.

After the identification of summation or adaptation, we changed the distance between two ROIs. Because the summation was caused by cAMP and adaptation by Ca^2+^, such experiments can investigate the cAMP and Ca^2+^ spreading ([Fig. 5, A--I](#fig5){ref-type="fig"}). As positions of ROIs were changed, the summation and adaptive effects were reduced and became undetectable at ∼2--3 µm ([Fig. 5 J](#fig5){ref-type="fig"}). The result indicated that spreading of cAMP and Ca^2+^ that are effective in physiological functions in the cilium is restricted within this distance.

![**Effect of changed distance between two ROIs. (A)** Photograph of cilia and positions of ROIs. Diameter of ROIs, 1.5 μm. Distance between the first and the second ROI was nearly 0, the distance measured at 50% intensity line. **(B)** Superimposed waves. First transmissions, 100%, 70%, 50%, 30%, and 10%. **(C)** Photograph of cilia and ROIs. Distance, 0.75 μm. **(D)** Superimposed waves. **(E)** Photograph of cilia and ROIs. Distance, 1.5 μm. **(F)** Superimposed waves. **(G)** Photograph of cilia and ROIs. Distance, 3.0 μm. **(H)** Superimposed waves. **(I)** Dose--response relation. Amplitudes of second responses were plotted against the first transmission. Data from B, D, F, and H. **(J)** Distance between ROIs (measured at intensity of 50%) and slope of the dose--response relations. Each symbol represents data from different cilia (different cells, *n* = 12).](JGP_201812126_Fig5){#fig5}

So far, molecular spreading in a single cilium was investigated within relatively small time window (e.g., \<10 min) after the establishment of the WC recording configuration. Under such conditions, apparent spreading was found to be limited within 2--3-µm distance ([Fig. 5 J](#fig5){ref-type="fig"}). We also checked whether such limitation was kept for a long time during the recording because in a longer time window, soluble factors are assumed to be washed out from the cytoplasm. Especially, we examined the relation between a change in the current shape and the distance between two ROIs and the time after the rupture of patch membrane ([Fig. 6 A](#fig6){ref-type="fig"}). The current ratio was obtained as the ratio between the second response after the first stimulus and second response only ([Fig. 6, B--E](#fig6){ref-type="fig"}). We did not observe any cells in which the second response reduced with the presence of the first response. Therefore, it seemed likely that the adaptation was abolished in such conditions ([Fig. 6 F](#fig6){ref-type="fig"}). In two cells (violet and indigo bars in [Fig. 6 F](#fig6){ref-type="fig"}), cAMP spreading that was estimated from the summation of responses was again reduced at distance \>2 µm, even after 25 min. Interestingly, however, we could observe in a cell (pink bar) that cAMP spreading was recognized as a response summation even at two stimulating points \>2 µm, which was not observed at the early time window during the WC recording. The results suggested that soluble factors (Ca-CAM, [@bib52], and/or phosphodiesterase \[PDE\]) are, at least in part, involved in the limitation of spreading because prolongation of the cAMP-induced response can at least be explained by the washout (and/or dysfunction) of such factors.

![**Spreading of cAMP after long-term WC recordings. (A)** Photograph of cilia and positions of two ROIs (first and second, blue arrows). Diameter of ROIs, 1.5 μm. Distance between two ROIs, 1.3 μm. **(B)** Current response obtained at the first ROI. Transmission, 100%. 14 min after the establishment of the WC recording configuration. **(C)** Current response obtained at the second ROI. Transmission, 100%. **(D)** Current response obtained from double pulse stimulation, the first and the second ROIs. Transmission, 100%. **(E)** Superimposed current responses. Data from B--D. Note that the second response of D is augmented compared with the response shown in C. **(F)** Relation among distance of two ROIs (x axis), time after the establishment of the WC recording configuration (y axis), and current ratio (z axis). The current ratio was obtained as the ratio between the second response after the first stimulus and the second response only. A green level indicates current ratio = 1.0.](JGP_201812126_Fig6){#fig6}

Ca^2+^ diffusion in a fine glass capillary {#s12}
------------------------------------------

As a control experiment, we measured Ca^2+^ diffusion in a thin glass capillary with ∼1-µm inner diameter. The capillary was filled with caged Ca and Fluo-4, and a local area of ∼1-µm diameter was illuminated by a UV laser ([Fig. 7 A](#fig7){ref-type="fig"}, arrow). The Ca^2+^ signal increased immediately after irradiation, after which it decreased rapidly at the stimulus center and spread laterally along the capillary ([Fig. 7 B](#fig7){ref-type="fig"}). The fluorescence distribution could be fitted by the Gaussian function ([Fig. 8, A and B](#fig8){ref-type="fig"}). By plotting σ^2^ against time ([Fig. 8 C](#fig8){ref-type="fig"}), we obtained the diffusion coefficient (*D*) of 440 ± 35 µm^2^/s (*n* = 11), which was in good agreement with standard *D~Ca~^2+^* (600 µm^2^/s; [@bib19]; [@bib4]). In 1.8 ± 1.0 s (*n* = 5), the fluorescence became almost undetectable, which was much faster than WC responses, especially at long-lasting WC recording, or than the time needed for recovery from the adaptation. Therefore, we again recognized that the olfactory cilia have functions to extend the lifetimes of cAMP and Ca^2+^ effects.

![**One-dimensional Ca^2+^ diffusion in a fine glass capillary. (A)** Photograph of a thin glass capillary. The arrow (red point) indicates the site for photolysis of caged Ca^2+^. A UV laser and ROI in LSM were used. The inner diameter of the pipette at the stimulus point was 0.87 μm. The green area shows the scan area. Irradiation time, 92 ms. **(B)** Fluorescent imaging before and after photolysis. Scan time, 90 ms. Fluo-4, 100 μM; DM-nitrophen, 3 mM; CaCl~2~, 1 mM.](JGP_201812126_Fig7){#fig7}

![**Distribution and temporal change of Fluo-4 fluorescence in the fine glass capillary. (A)** Relation between the distance from the ROI and brightness 270 ms after photolysis, fitted by the Gaussian function with σ^2^ of 47.6 μm^2^. A different capillary from [Fig. 7](#fig7){ref-type="fig"}. **(B)** Change in the relation between brightness and distance during the time after uncaging. Data obtained from fitting parameters in experiments as in A. **(C)** Relation between the time after photolysis and σ^2^. Data obtained from B. The slope gives *D~Ca~* of 163.2 μm^2^/s from *D* = σ^2^/2*t*. We did not persist in fitting from the origin (0, 0) because UV illumination was not 0 in area. Furthermore, the glass may cause diffraction. The initiation of uncaging and emission of fluorescence may have some delay from UV irradiation.](JGP_201812126_Fig8){#fig8}

Digital model for the random walk in the presence of binding sites {#s13}
------------------------------------------------------------------

Longitudinal spreading of second messenger molecules in the olfactory cilia is highly likely to be strongly restricted, at least in physiologically reliable concentration ranges. There are several possibilities to explain how the spreading is limited in the smooth tubular structure. Cytoplasmic buffers and extrusion and cAMP and Ca^2+^ degradation will be at least in part responsible for the reduction of spreading of these molecules during their diffusion. In a previous work, however, [@bib57] showed that the degree of adaptation and recovery time course with a stimulus onto a confined region did not change remarkably from those observed upon the entire-cilia stimulation ([@bib32]). It is puzzling why the cAMP response and Ca^2+^-dependent adaptation stay for \>10 s even with a very confined stimulation; these molecules should quickly disappear if the rapid extrusion/degradation and buffers were the entire mechanism for restricted spreading.

We speculated that the anomalously thin structure of cilia may be responsible for the limitation of diffusional processes, mostly because of the high surface/volume ratio. In the same concentration of the solution in a cylindrical space, the binding site at the cytoplasmic surface of the plasma membrane becomes dominant to affect diffusion. To verify this possibility, we constructed a digital model that actually simulates the random walk process of molecules in the absence ([Fig. 9, A and B](#fig9){ref-type="fig"}) and presence ([Fig. 10, A and B](#fig10){ref-type="fig"}) of binding sites on the cytoplasmic surface of the plasma membrane.

![**Digital model for the random walk in thin and thick processes. (A and B)** Yellow dots show molecules that move independently. Number of molecules, 10,000. No binding site for molecules on the cytoplasmic surface of the membrane. At 0 ms, positions of all molecules are randomly set at the center (X distance = 0) within the size of the tube. As time progresses, the molecules laterally spread along the tube. **(A)** Thin process. Diameter, 0.02 µm. **(B)** Thick process. Diameter, 0.99 µm. Note that the diffusion process is independent of the thickness of the process.](JGP_201812126_Fig9){#fig9}

![**Digital model for the random walk in thin and thick processes in the presence of binding sites. (A and B)** Initialization and movements of molecules are the same as those in [Fig. 9](#fig9){ref-type="fig"} except that the cytoplasmic surface of the membrane has binding sites. Yellow dots show free molecules, and green dots indicate molecules that are bound to the membrane for the time period of 1.16 μs. Number of molecules, 10,000. **(A)** Thin process. Diameter, 0.02 μm. **(B)** Thick process. Diameter, 0.99 μm. Note that the diffusion process slows down in the thin process.](JGP_201812126_Fig10){#fig10}

When the cytoplasmic surface did not have any binding sites, free molecules spread along the x axis ([Fig. 11, A and B](#fig11){ref-type="fig"}) and σ^2^ gradually became wider with time ([Fig. 11, E and F](#fig11){ref-type="fig"}), showing a linear change in the time process ([Fig. 11 I](#fig11){ref-type="fig"}). The diffusion process was not affected by a change in the diameter when the membrane did not have binding sites ([Fig. 11 J](#fig11){ref-type="fig"}). When the membrane had binding sites that held the molecule, for example 1.16 µs, *D* was strongly reduced ([Fig. 11, C, D, G, and H](#fig11){ref-type="fig"}). The relation between σ^2^ and stickiness showed nearly an exponential decrease ([Fig. 11 M](#fig11){ref-type="fig"}). In contrast with the previous measurements, *D* strongly depended on the diameter of the process ([Fig. 11, K and L](#fig11){ref-type="fig"}). Plotting σ^2^ against the diameter, it became obvious that diffusion actually depended on the diameter of the process when the cytoplasmic surface of the membrane had binding sites ([Fig. 11 N](#fig11){ref-type="fig"}). It is highly likely that the diffusion of soluble molecules in an anomalously fine tube like the cilium is dramatically reduced on the basis of the diameter when the cytoplasmic surface of the membrane has binding sites.

![**Molecular diffusion in thick and thin processes in the presence and absence of binding sites. (A--N)** Relation between the movement of cytoplasmic molecules and diameter. Distributions measured at 0.058 ms. Number of molecules, 10,000. **(A)** Random walk of molecules in a thick process in the absence of a binding site; diameter, 0.99 μm. **(B)** Diameter, 0.02 μm. **(C)** Diameter 0.99 μm. Stickiness (the time that the molecule stays on the membrane), 1.16 μs. **(D)** Diameter of 0.02 μm. Stickiness, 1.16 μs. **(E)** Gaussian fitting of existence probability distribution of data from A. σ^2^, 0.033 μm^2^. SD, 0.18 μm. **(F)** Existence probability distribution of data from B. σ^2^, 0.033 μm^2^. SD, 0.18 μm. **(G)** Existence probability distribution of data from C. σ^2^, 0.025 μm^2^. SD, 0.16 μm. **(H)** Existence probability distribution of data from D. σ^2^, 0.003 μm^2^. SD, 0.06 μm. **(I)** Change of σ^2^ in the thick process in the absence of binding site. Diameter, 0.99 μm. Stickiness, 0. *D*, 256.8 μm^2^/s. **(J)** Change of σ^2^ in the thin process in the absence of a binding site. Diameter, 0.02 μm. Stickiness, 0. *D,* 256.1 μm^2^/s. **(K)** Change of σ^2^ in the thick process in the presence of a binding site. Diameter, 0.99 μm. Stickiness, 1.16 μs. *D,* 51.3 μm^2^/s. **(L)** Change of σ^2^ in the presence of a binding site. Diameter, 0.02 μm. Stickiness, 1.16 μs. *D,* 25.3 μm^2^/s. **(M)** Dependence of σ^2^ on stickiness. Diameter, 0.02 μm. Data were obtained with number of molecules of 1,000. Data at 20 ms. **(N)** Relation between the diameter and σ^2^ in the presence of binding sites. Number of molecules, 1,000. Data at 20 ms. Note that σ^2^ is dependent on the diameter.](JGP_201812126_Fig11){#fig11}

Discussion {#s14}
==========

This study showed that both cAMP and Ca^2+^ work only in the vicinity of the site of generation in the olfactory cilia. The result was consistent with the fact that ORCs show an integer multiple of unitary events observed at low Ca^2+^ conditions ([@bib3]), which does not occur when second messengers spread rapidly over the cilium. A similar compartmentalization has been shown in photoreceptor cells in which Ca^2+^ independently works between the outer and inner segments that are connected via a thin ciliary structure (connecting cilium; [@bib27]; [@bib45]; [@bib8]). Some of our present findings may be related to the presence of a microdomain in the olfactory cilia ([@bib10]; [@bib47]; [@bib40]; [@bib18]). In the primary cilia, Ca^2+^ signaling is also uncoupled from signaling in the cell cytoplasm ([@bib14]). These findings provide examples of functional polarity in compact cells. It seems likely that the cytoplasmic buffers, extrusion systems, and degradation systems are involved in this limitation of the spreading of molecules. Additionally, it is possible that the diffusion process strongly slows down in such a narrow space because of binding sites on the cytoplasmic surface of the plasma membrane as shown in the digital model. These properties may enable ORCs to express a long-lasting response and adaptation. The lifetime of the cAMP-induced response and recovery from adaptation were much longer than the time course for the disappearance of Ca^2+^ signals within the glass capillary. Interestingly, Ca^2+^ in the dendrosomatic region does not backpropagate into the cilia, either. The response kinetics of the odorant-induced current is unaffected by the step depolarization under the voltage clamp condition that activates voltage-gated Ca^2+^ channels located in the dendrosomatic membrane (see e.g., [@bib28]). It is also shown that Ca^2+^ signals measured with Fluo3 in the cilia did not show any sign for backpropagation of Ca^2+^ from the knob when a cilium was stimulated by an odor or the cell body was stimulated by a high K solution ([@bib35], [@bib36]).

In this study, we found that the time courses of cAMP- and Ca^2+^-induced currents prolonged during WC recordings. At this moment, the precise mechanism for this phenomenon is unknown. It is unlikely that the long-lasting WC recording configuration inhibits cAMP and Ca^2+^ diffusion in cilia; conversely, a reduction in the activities of several factors may be involved in the prolonged time course. For instance, PDE activity is one possibility; the cAMP-dependent response is expected to be prolonged when PDE activities are lowered. Ca-CAM ([@bib52]) is another candidate. Na^+^/Ca^2+^ exchange is also reportedly involved in the response termination ([@bib53]). Furthermore, the prolongation of the Ca^2+^ response ([Fig. 2 E](#fig2){ref-type="fig"}) may be caused by a reduction of \[ATP\]~i~ that is involved in Ca^2+^ extrusion ([@bib1]).

[@bib12] showed that the cAMP response of a single olfactory cilium drops within a few seconds after the washout of cytoplasmic cAMP ([@bib12]). For their recording, they used a detached single olfactory cilium preparation to load and wash out cAMP from the proximal part of the cilium. In contrast, in this study, we introduced cAMP from the WC pipette situated at the dendrosomatic area. When cAMP concentration was jumped locally by photolysis of caged cAMP at the middle part of the cilium, the lifetime of the cAMP response was sometimes \>10 s. There are several differences between these experimental conditions. One of the biggest differences could be the concentration of cAMP. They used \[cAMP\]~i~ \<20 µM, whereas in this study, \[cAMP\]~i~ could be higher at the place of irradiation (ROI); we have estimated that ciliary \[cAMP\]~i~ could be as high as 100 µM when the cell was stimulated by odorants or caged cAMP ([@bib56]). When \[cAMP\]~i~ becomes high, buffering effects become dominant ([@bib12]), which would slow down the diffusional processes. Moreover, cAMP and/or Ca^2+^ diffusion, the washout of cytoplasmic factors, or special distribution of voltage profiles along the cilium may have contributed to the variance. Further experiments are warranted to clarify this.

It is controversial whether cAMP that is generated in cilia upon odorant stimulation diffuses to the dendrosomatic regions (e.g., [@bib50]). cAMP plays important roles in the cell body for (a) the change in the spiking properties via an A-kinase ([@bib23]), and (b) the determination of basal activity via an HCN channel ([@bib46]) that may be related to selective axonal projection ([@bib21]; [@bib20]; [@bib43]). Our finding regarding slow diffusion and well-known degradation in the olfactory cilia indicates that cAMP generated in the cilia does not affect cellular activities conducted at the cell body. The geometrical spatial ratio between the cilia and the dendrosomatic regions needs to be considered. The total volume of the cilia is 1 πμm^3^ (0.2 µm diameter and 10 µm length; 10 cilia), whereas that of dendrosomatic regions is 470 πμm^3^ (dendrite, 1 µm diameter and 50 µm length; cell body, 14 µm diameter sphere), providing a ratio of ∼500. Even if there was no diffusion limitation or extrusion/degradation in cilia, 10 µM cAMP generated at cilia became 20 nM in the dendrosomatic regions ([@bib56]), which is already lower than the physiologically reliable range.

This study showed that the diffusion of molecules slows down based on diameter of processes when the cytoplasmic surface of the plasma membrane has binding sites. The cytoplasmic side of the olfactory cilia has several binding sites for cAMP and Ca^2+^ (e.g., microdomain in cilia, [@bib10]). The ciliary membrane contains an anomalously high density of CNG channels ([@bib30], [@bib31]), 700--2,300 molecules of CNG channels in 1-µm length of the olfactory cilium ([@bib29]). Each CNG channel forms a tetramer, having four binding sites in individual molecules. Therefore, the binding sites for cAMP molecules are 2,800--9,200 per 1-µm length of the cilium. The cAMP concentration reaches as high as 100 µM at the maximum ([@bib56]), which gives 450 molecules per 1-µm length of the cilium, much smaller than the binding capacity for cAMP. With regard to the binding sites for Ca^2+^, CaM is permanently bound to the cytoplasmic domain of each CNG channel ([@bib11]; [@bib6], [@bib7]). In addition, lipid bilayers and various proteins including tubulin may serve as strong binding sites for Ca^2+^. Besides, unidentified Ca^2+^-binding proteins ([@bib2]) and Cl~(Ca)~ channels ([@bib26]; [@bib34]; [@bib48]) are well-known Ca^2+^-binding sites. All of these binding sites may be responsible for limiting diffusion. Simultaneously, cAMP is degraded by PDE ([@bib13]), whereas Ca^2+^ is extruded by Na^+^/Ca^2+^ exchanger ([@bib9]; [@bib53]) and ATP-dependent Ca^2+^ extrusion ([@bib1]), which is involved in the restriction of molecular spreading.

For a long time, it was believed that the ciliary structure for sensory perception is responsible for the increase in the probability of stimulant capture. As the molecular dynamics were revealed, it became clear that this fine structure is quite beneficial for efficient signal transduction. As described in this study, the narrow space can limit cytoplasmic molecule diffusions, and as a result, the response becomes prolonged and adaptation lasts for a long time. The high surface/volume ratio is responsible for a rapid increase in the molecular concentration even with a low production and with a small influx of molecules. Altogether, signal transduction is achieved efficiently in such a narrow space. Such efficient energy conversion may also be broadly used in other biological systems, which have not yet been subjected to systematic experiments.
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